Abstract: We discuss a four-state chirp-control scheme using a dual-electrode MachZehnder modulator to compensate dispersion-induced RF power fading when employing direct-detection-based orthogonal-frequency-division-multiplexed (OFDM) signals. We numerically confirm that in contrast to the previously proposed parallel transmitter employing an intensity/phase modulator, four-state chirp control can flatten frequency response and make the total performance uniform even though its structure is significantly simplified. To demonstrate this, we successfully transmitted a 20-GHz OFDM signal over an 80-km singlemode fiber using four-state chirp control, achieving a line bit rate of 78.41 Gb/s even in the presence of chromatic dispersion.
Introduction
Recently, mainly due to traffic growth in data centers, it has become necessary to use high-capacity optical transceivers even for short-reach optical communications. In response to the demand, the specifications of a 400G transceiver have just been decided in IEEE802.3 [1] . The supported transmission distance in the specification is 10 km at most. Now, in order to extend the distance beyond 10 km, another transceiver specification has been discussed in IEEE802.3 since 2017. In the discussion, two approaches to extend the distance have been actively studied: coherent-based approach and intensity-modulation and direct-detection (IM-DD)-based approach. The coherent transceivers have already been employed in long-haul and metro applications. In addition, they are being employed in data center Interconnect (DCI) applications, where the maximum transmission distance is 120 km. However, in terms of cost and power consumption, it still seems to be difficult to employ the coherent solution in below-100 km applications because such applications face severe cost restrictions. Therefore, the IM-DD system will continue to be a major part of the applications. In the IM-DD system, however, when the transmission distance is longer, the effect of chromatic dispersion is no longer negligible, and it causes periodic RF power fading, which shrinks the available bandwidth and places limits on the transmittable distance.
One of the techniques to avoid RF power fading is the use of single side-band (SSB) modulation. Using the SSB technique, a number of transmission experiments have been reported to date, and it has been shown that the SSB scheme can successfully avoid RF power fading. However, SSB generation requires an optical bandpass filter having a sharp roll-off profile to eliminate one of the side bands [2] . The SSB signal can also be generated through the Hilbert transform which, however, requires complicated digital signal processing (DSP) [3] - [5] . Particularly, when the bandwidth of a signal is large, high-speed DSP is needed, resulting in a high system cost. Pre-distortion can provide perfect dispersion compensation as well. However, similarly to the Hilbert transform, it also needs costly DSP. Another way to perfectly compensate the effect of chromatic dispersion is the use of the recently-proposed Kramers-Kronig receiver [6] , [7] . Since the Kramers-Kronig receiver can retrieve not only an intensity information but also a phase information using DSP, linear transmission impairments such as chromatic dispersion can be compensated. Therefore, the receiver never suffers from RF power fading. However, it employs SSB generation at the transmitter side, which makes the transmitter complexity high. Also at the receiver side, complicated DSP is needed such as up-sampling and the Hilbert transform.
To address these issues, a parallel transmitter structure employing an intensity modulator (IM) and phase modulator (PM) have been proposed [8] , [9] . Also, we have proposed transmission system using the parallel IM/PM transmitter with appropriate bandwidth allocations to IM and PM for intermediate-frequency-over-fiber (IFoF)-based mobile fronthaul links [10] . Thanks to their complementary frequency responses, the parallel IM/PM transmission scheme can compensate severe fading without relying on complicated DSP. Nevertheless, the transmitter still has two major problems. The first is that it has a 3-dB undulation even if it can avoid severe degradation. The second is its complexity. In comparison with one IM, an additional polarization beam splitter/combiner (PBS/PBC), and PM are necessary; therefore, the transmitter complexity is increased. As an improved version of the transmitter, we have proposed a four-state chirp-control scheme using a dual-electrode Mach-Zehnder modulator (DEMZM) [11] , and demonstrated transmission of an orthogonal-frequency-division-multiplexed (OFDM) signal over an 80-km single-mode fiber (SMF) [12] . In the demonstration, we achieved a line bit rate of 78.41-Gb/s. The improved scheme exploits four states of the α-parameter, whereas the parallel IM/PM transmitter uses only two states: α = 0 (IM) and α = ∞ (PM). Due to the use of additional two states of the α-parameter: α = +1 and α = −1, the 3-dB undulation can be successfully compensated, and the frequency response can be much flatter than in the IM/PM-only case. Furthermore, in terms of complexity, the scheme significantly simplifies the transmitter configuration since the bulky IM/PM configuration can be replaced by only one DEMZM.
In this paper, by extending our previous works, we fully describe the principle of four-state chirp control for IM-DD-based OFDM transmission. Moreover, we add simulation results showing the performance comparison between the IM/PM-only and four-state chirp-control scheme. Experimental results are also presented to verify the effectiveness of four-state chirp control. In the experiment, we confirmed that it could flatten the spectrum even after 40-and 80-km transmission, which was in accord with the simulation results, and achieved a line bit rate of 78.41 Gb/s using 16-ary quadrature amplitude modulation (QAM) format. This paper is organized as follows: In Section 2, the principle of four-state chirp control is described. Section 3 presents the results of numerical simulations and provides a performance comparison between the IM/PM-only case and the case using four-state chirp control. Section 4 shows the results of the 40-and 80-km transmission experiment. In Section 5, we conclude this paper.
Principle of Four-State Chirp Control
To explain the principle of four-state chirp control using DEMZM, we begin by showing an electrical field of an output signal from DEMZM as [13] where E i n is the input optical signal to DEMZM, S 1 and S 2 are the drive voltages to two RF ports, and V π is the half-wave voltage of DEMZM. Note that we assume that the bias of DEMZM is operated at the quadrature point. First, let us consider the case where one of the two drive voltages has the opposite polarity to the other, i.e., S 1 = −S 2 , which is usually referred to as "push-pull operation". In this case, the last term of Eq. (1) 
where E is the amplitude and φ is the phase of an optical signal, respectively, the α-parameter of the IM signal is 0, while that of the PM signal is ∞ (or −∞). Let us next consider the case where drive voltage is applied to only one of the two ports, and the other one is kept empty. From Eqs.
(1) and (2), it is found that if S 2 is 0, α becomes +1, and if S 1 is 0, α becomes −1. Therefore, four states of the α-parameter: 0, ∞, +1, and −1 can be easily obtained by changing the polarity of one of the two voltages, or keeping one of them empty. Next, we consider the frequency responses of the signals having these four types of the α-parameter. Regarding an IM signal (α = 0), it is well known that when it is transmitted through a dispersive optical fiber, accumulated chromatic dispersion changes the relative phase relationship between the upper and lower side band, and an IM component becomes a PM one due to the phase change in a certain frequency, which is referred to as IM-PM conversion. Consequently, we have a deep fading after photodiode (PD) detection in the frequency because the PM component does not yield any PD output [15] . Regarding the frequency response, it is known that it can be given as
, where D is the dispersion parameter, λ is the wavelength, ω is the angular frequency, z is the transmission distance, and c is the speed of light. As an example, the blue curve in Fig. 1 indicates the frequency response after 80-km transmission when the dispersion coefficient is assumed to be 16.5 ps/nm/km. As can be seen, periodic fading occurs. Regarding the response of a PM signal, it is also known that its response is complementary to that of the IM signal [16] , as shown by the red curve in Fig. 1 . As can be seen, in the frequency regions where the IM response is degraded, conversely, the PM signal has a maximum response.
By exploiting this relationship, we have proposed a parallel IM/PM transmission scheme for IFoFbased mobile fronthaul links in Ref. [10] . In the scheme, each IF signal is assigned to either IM or PM based on its IF frequency so that the IF signal can avoid power fading. For example, in Fig. 1 , if an IF signal is located below 5 GHz, it should be assigned to IM. Whereas, if the IF signal is located in the frequency region from 5 to 9 GHz, it should be assigned to PM. However, this parallel IM/PM transmission scheme has two major problems: its complexity and a 3-dB undulation in the frequency response. Concerning the complexity, obviously, the parallel transmitter has a complicated structure compared to one IM, because it needs an additional PBS, PBC, and PM. In addition, the other problem is that it has a 3-dB undulation even if severe degradation can be avoided using the parallel transmitter. In fact, both of IM and PM have 3-dB degradations, for example, around 5 and 8.5 GHz in Fig. 1 . This implies that no matter which state is selected, 3-dB degradation is unavoidable.
DEMZM can solve these issues by adding the other two α-parameters: +1 and −1. The purple and green curves in Fig. 1 show the responses of the signals having the α-parameter of +1 and −1, respectively. It is clear that these new states can cover the 3-dB gap regions between IM and PM. By utilizing these four states of the α-parameter, we have proposed a new transmission scheme for making the frequency response flatter using only one DEMZM [11] , [12] . In the case of Fig. 1 , for example, in addition to the frequency regions colored light blue (α = 0) and orange (α = ∞), we can assign signals in the regions colored light purple to the state α = +1, and those in the regions colored light green to the state α = −1. Thanks to the use of these four types of the α-parameter, the frequency response can be much flatter than that of the parallel IM/PM transmitter. Moreover, the scheme significantly simplifies the transmitter structure since the bulky IM/PM transmitter can be replaced by only one DEMZM. Of course, small degradations remain; however, they are less than 0.7 dB, and small enough to be ignored. Fig. 2 shows the conceptual diagram of a direct-detection OFDM transmission system using this four-state chirp control. Each arrow means a subcarrier component of an OFDM signal. As explained above, subcarriers of S 2 in the region colored light blue have the opposite polarity to those of S 1 , while subcarriers of S 2 in the region colored orange have the same polarity to those of S 1 . On the other hand, the subcarriers of S 2 in the region colored light purple are 0, while the subcarriers of S 1 in the region colored light green are 0. Note that to make the total power of the two ports the same for each subcarrier component, in the case of α = +1 and −1, the amplitude should be larger by √ 2 times than those of the other two states. Fig. 2 also shows an illustration of the optical spectra before and after fiber transmission. As can be seen in the figure, the phase relationship between the upper and lower sideband is adjusted so that all the bands become IM signals after fiber transmission.
As is well known, pre-distortion using DEMZM makes possible the perfect performance of dispersion compensation because a signal having an arbitrary α-parameter can be generated [13] , whereas this scheme uses only four types of the α-parameter. However, the four states is enough to make the response flat as shown in the following sections. In terms of DSP complexity, four-state chirp control can reduce DSP complexity compared to pre-distortion. In fact, pre-distortion needs the multiplication of an inverse transfer function of chromatic dispersion. This process must be done for all the subcarriers. On the other hand, in four-state chirp control, subcarriers are categorized into the four groups, and the aforementioned process is done by the group, not by the subcarrier, resulting in reduction of the number of processing. Therefore, DSP complexity of four-state chirp control can be lower than that of pre-distortion. Thus, our proposed chirp-control scheme is superior in terms of the trade-off between the complexity of signal processing and the compensation performance for power fading.
Numerical Simulation
Here, we numerically verify the performance of OFDM transmission using four-state chirp control through computer simulations. In the simulations, we transmit an OFDM signal having 20-GHz bandwidth through an 80-km SMF. First, at the transmitter side, an OFDM signal is generated with an FFT size of 1024. Within the 1024 subcarriers, only 512 subcarriers are used including two DC nulls. Since the OFDM signal is a real-valued signal, half of the subcarriers are a complex conjugate of the others. Each subcarrier is modulated using a quadrature-phase-shift-keying (QPSK) signal, and the subcarrier spacing is set at 78.125 MHz. Therefore, the total bandwidth of the OFDM signal is around 20 GHz excluding its sidelobe. Based on the frequency responses of the four α-parameters shown in Fig. 1 , each subcarrier is assigned to one of the four states which has the largest response. After IFFT operation and insertion of a 1.56% cyclic prefix (CP), the signal is transmitted over the 80-km SMF. In the simulations, the signal-to-noise (SNR) ratio is set at 20 dB. At the receiver side, the signal is detected by a single PD. After removal of the CP and FFT operation, we calculate the error-vector magnitude (EVM) value of each subcarrier component.
For comparison, the performance of the IM-only and the IM/PM case is also investigated. The spectra of the three cases are shown in Fig. 3 . It is obvious that in the IM-only case, the OFDM signal is severely deteriorated by periodic fading as shown in Fig. 3(a) . Meanwhile, in both the IM/PM case and the case using four-state chirp control, the signal can avoid severe degradation as indicated in Fig. 3(b) and (c) ; however, the spectrum of the former still has the 3-dB undulation, whereas that of the latter looks almost flat. The corresponding subcarrier EVMs in the three cases are shown in Fig. 4 . The black squares denote the EVM values in the IM-only case. Obviously, the EVM values of the subcarriers located in the fading frequency areas are deteriorated. On the other hand, the red and blue squares denote the EVM values in the IM/PM case and in the case using four-state chirp control. It can be seen that four-state chirp control can improve the EVM values by around 5% even in the 3-dB gap areas of the IM/PM case, and can make the total performance uniform.
Experiment
In addition to the simulations presented above, we also experimentally demonstrated 40-km and 80-km OFDM transmission using four-state chirp control, and verified its effectiveness. Fig. 5 shows the setup. The parameters of the OFDM signals used in this experiment were the same as those used in the aforementioned simulations. We investigated two types of modulation formats: 8QAM Fig. 4 . Subcarrier EVM values of the IM-only case (black), the IM/PM case (red), and the case using four-state chirp control (blue). and 16QAM. Since we do not know the total amount of the accumulated dispersion and cannot predict the frequency responses of the four α-parameters precisely in actual situations, first, we probed the subcarrier SNR values of the four states using QPSK-modulated test signals to ascertain the responses in advance. The measured responses of the four states after the 80-km transmission are shown in Fig. 6(a) . Note that the SNR value for each subcarrier was estimated from its EVM value using the following equation: SN R ≈ 1/E VM 2 [17] . Based on these results, we assigned each subcarrier to one of the four states as shown in Fig. 6(b) . The assignment of the 40-km case was also done in the same manner. At the transmitter side, two frequency-domain signals were generated based on the assignment. It should also be noted that to exclude the frequency responses of RF devices and PD, we performed pre-emphasis based on a back-to-back response. After IFFT operation and CP insertion, the two RF signals were sent to an arbitrary waveform generator (AWG) having two output ports. The outputs from the AWG ports were amplified by two RF amplifiers and drove DEMZM with its DC bias maintained at the quadrature point. If the two RF inputs have some imperfection such as amplitude imbalance and path delay between them, then the output optical signal from DEMZMZ can have a different chirped signal, leading to performance degradation. To avoid this, we used the same RF amplifiers and cables. The optical signal was amplified by an erbium-doped fiber amplifier (EDFA), and transmitted through 40-or 80-km SMF. The launched power of the optical signal was set at 5 dBm. After the transmission, the optical signal was pre-amplified with EDFA, and detected by a single PD. The received optical power in every case was set at 5 dBm using a variable optical attenuator (VOA). The RF output was sampled at 80 GS/s by a digital oscilloscope (DSO), and sent to an offline DSP. After timing synchronization, CP removal, and FFT operation, the bit-error rate (BER) values were calculated.
Figs. 7 and 8 show the results. The spectrum of the IM-only case after 40-km transmission is depicted in Fig. 7(a) , while that of the case using four-state chirp control after 40-km transmission is depicted in Fig. 7(b) . In addition, the spectrum of the IM-only case after 80-km transmission is depicted in Fig. 7(c) , while that of the case using four-state chirp control after 80-km transmission is depicted in Fig. 7(d) . Similarly to the simulation results, it was found that the spectra could be much flatter than the IM-only case when four-state chirp control was applied in the both transmission case. Fig. 8 shows the measured BER values with insets showing constellations. The squares and dots represent the BERs when 8QAM and 16QAM was employed, respectively. The symbols in black denote the cases when only the IM was used, while those in red denote the cases when four-state chirp control was used. In every result, four-state chirp control could improve the performance and push down all the BER values below 2.7 × 10 −2 , which is the threshold of the 20%-overhead (OH) soft-decision forward error-correcting code (SD-FEC) [18] . In the 40-km case, the BER values are 3.7 × 10 −2 for 8QAM, and 6.0 × 10 −2 for 16QAM; however, they can be reduced to 8.6 × 10 −4 for 8QAM, and 1.2 × 10 −2 for 16QAM when four-state chirp control was applied. On the other hand, in the 80-km case, they are 6.2 × 10 −2 for 8QAM, and 8.6 × 10 −2 for 16QAM, while 4.2 × 10 −3 for 8QAM, and 1.7 × 10 −2 for 16QAM, when it was applied. When the 16QAM format was employed, we achieved a line rate of 4 bit/s/Hz × 78.125 MHz (subcarrier spacing) × 255 (the number of subcarriers) × 0.984 (CP insertion) = 78.41 Gb/s. The corresponding net rate is 62.73 Gb/s after excluding the FEC overhead.
Conclusions
We have discussed the four-state chirp-control scheme using DEMZM to avoid dispersion-induced RF power fading for direct-detection OFDM transmission systems. It was numerically confirmed that compared to the parallel IM/PM transmitter, it can compensate for the 3-dB undulation, and flatten the frequency response. In addition, the transmitter structure is significantly simplified because the bulky structure can be replaced by just one DEMZM. In the experimental demonstration, we transmitted the 20-GHz 16QAM-modulated OFDM signal over an 80-km SMF using four-state chirp control, and achieved a line bit rate of 78.41 Gb/s even in the presence of chromatic dispersion.
